Insects could minimize the high energetic costs of flight in two ways: by employing high-efficiency muscles and by using elastic elements within the thorax to recover energy expended accelerating the wings. However, because muscle efficiency and elastic storage have proven difficult variables to measure, it is not known which of these strategies is actually used. By comparison of mechanical power measurements based on gas exchange with simultaneously measured flight kinematics in Drosophila, a method was developed for determining both the mechanical efficiency and the minimum degree of elastic storage within the flight motor. Muscle efficiency values of 10 percent suggest that insects may minimize energy use in flight by employing an elastic flight motor rather than by using extraordinarily efficient muscles. Further, because of the trade-off between inertial and aerodynamic power throughout the wing stroke, an elastic storage capacity as low as 10 percent may be enough to minimize the energetic costs of flight.
Flight is an energetically costly form of locomotion, requiring metabolic rates as high as 100 times the resting rate (1) . Most of the total energy required for flight is dissipated as heat in the flight musculature. For hovering animals, the remaining mechanical energy is divided into three components: induced power required to generate lift, profile power necessary to overcome drag on the wings, and inertial power required' to accelerate and decelerate the wings during stroke reversal (2) . Previous comparisons of total metabolic rate and estimated power output suggest that insects minimize the high cost of flight either by using highly efficient muscles or by recovering inertial power through elastic storage (3). It is not certain, however, which of these two strategies is actually used.
Female Drosophila hydei were tethered and flown in a flight arena that measured the frequency and amplitude of the wing stroke as well as the yaw torque produced by the animal (Fig. 1) . The fly and the torque transducer were enclosed in a respirometry cham-M. H. Dickinson closed-loop conditions such that the yaw torque produced by the fly was used to control the angular velocity of the stripe. Under these conditions, tethered flies actively modulated yaw torque through changes in wingbeat kinematics in order to fix the position of the stripe in the front portion of their visual field (4) . In order to increase the variations in wingbeat amplitude and stroke amplitude, sinusoid and square wave voltage biases were added to the control signal in some experiments. Under these conditions, flies actively stabilized the stripe position by modulating flight kinematics in order to generate a compensatory torque opposite to the imposed bias. Additional modulation of wingbeat kinematics in some experiments was achieved by modulating the gain of the closed-loop feedback. These active modulations in wing stroke amplitude and frequency produced by these manipulations provided a useful and rigorous means for comparing respirometric and kinematic estimates of mechanical power.
A representative flight sequence is displayed in Fig. 2 and shows the simultaneous measurements of metabolic cost, stroke amplitude (summed from the two wings), wingbeat frequency, and yaw torque during the application of a sinusoidal bias under closedloop conditions. As in all experiments, the fly was capable of stabilizing the visual stripe by generating a sinusoidal yaw torque to compensate for the applied bias. During this modulation in torque, the metabolic cost oscillates at roughly twice the bias frequency and is highly correlated with changes in wingbeat frequency and stroke amplitude. This rectification of the metabolic cost during induced steering maneuvers was typical and is expected from the basic kinematic symmetry required for production of yaw torque to the left and right.
The average mass-specific components of induced, profile, and inertial mechanical power (Pind' Ppro, and Pac, respectively) may be calculated from stroke amplitude (D and wing beat frequency n by the following relations:
(1)
The quantities Cind' Cpro& and Cacc are constants derived for each fly from morphological parameters (5). The total aerodynamic power Paero is simply the sum of Ppro and Pind Fig. 4C . In all cases, the MSE decreased monotonically as ax ap- where p is muscle density and K is a constant relating stroke amplitude to muscle strain. By assuming that average wingbeat amplitude results in 1% muscle strain, we may use Eq. 7 to estimate the stress within the power muscles during flight. Respirometrically estimated muscle power output is plotted as a function of KFfnp`1 in Fig. 4D .
The slope of this relation is muscle stress, which was on average 40 kN m-2 (Table   2 ). This value is low for insect muscle (8) , but reduced stress is expected of muscles operating at high frequency because a large proportion of the internal space is taken up by mitochondria (7).
The results of this kinematic and respirometric analysis of Drosophila have general implications for the energetics of insect flight. First, we calculated a mechanical efficiency of about 10% for asynchronous muscle. Unless this value is radically different in other species, the results suggest that many insects must maintain an energy balance not through the use of extraordinarily efficient muscles but through elastic storage. The benefits of elastic storage are not as large in D. hydei as they might be in other species, because the difference between the average inertial and aerodynamic power require-SCIENCE * VOL. 268 * 7 APRIL 1995 ments is quite small. However, in many other species, the requirements for inertial power may be up to six times those of aerodynamic power (9) , and elastic storage would offer substantial energetic savings. Further, by consideration of the interaction between inertial and aerodynamic power, it appears that the amount of elastic storage required to minimize energy requirements during flight might be lower than previously expected. In D. hydei, we find that elastic storage greater than 10% would not affect the energy balance during flight. Taking the ratio of inertial and aerodynamic power for a variety of larger insects (9) yields minimum elastic storage values ranging from about 35 to 85%. The insect wing hinge is known to contain the protein resilin (10), which is among the most elastic materials known. It is quite reasonable to expect that, as in Drosophila, the thoracic structures of many insects are capable of the minimum elastic storage necessary to minimize the energetic costs of flight. able for suspension feeding than for predatory capture of prey. We demonstrate here that suspension feeding on phytoplankton is the principal mode of nutrition that fuels this rapidly growing (4) soft coral.
Three lines of evidence indicate that D. hemprichi feeds on phytoplankton: (i) Epifluorescence microscopy of the gastrovascular cavity of freshly collected D. hemprichi showed high concentrations of small (3 to 20 pum) phytoplankton cells (5) . (ii) Chlorophyll a degraded to phaeopigments in actively feeding colonies, a process indicative of phytoplankton digestion (6) . (iii) Phytoplankton gradually accumulated in starved corals after their reintroduction to natural seawater.
The observations under the epifluorescence microscope confirmed that D. hemprichi was free of autofluorescence and epiphytic algae and did not contain zooxanthellae. A great majority of the ingested algae were eukaryotes, whereas very few blue-green algae were taken in. This contrasts to the great proportion of blue-green algae in cell numbers and biomass in phytoplankton populations of tropical waters (7) and may be related to the small size of blue-green algae cells (<3 Km).
The concentrations of phytoplankton pigments (chlorophyll a and its degradation products, phaeopigments) in the corals were quantified in order to estimate rates of phytoplankton intake and decomposition. Concentrations were determined fluorometrically, after a standard acetone-extraction technique (8) , in colony branches with a known number of polyps (9) . For the experiments, colonies 4 to 5 cm tall growing on small polyvinyl chloride plates were kept in a flow chamber (18 cm by 15 cm in cross section) in continuously replaced seawater. The plates were suspended on metal-free wire away from the glass walls in such a way that each colony was exposed to unobstructed laminar flow of 4 to 10 cm/s (10).
The chlorophyll a gradually decomposed to phaeophytin in the gastrovascular cavities of the colonies. Ten colonies were kept in natural seawater in the flow chamber. After 3 days of feeding on the natural phytoplankton, the ratio of chlorophyll a to total photopigments in the colonies was 0.23 (±0.04 SD), as compared with 0.69 + 0.02 SD in the seawater. The seawater in the flow chamber was then replaced by filtered water (filter pore width was 0.7 pum), and the changes in concentrations of plant-derived pigments in the colonies were recorded over 48 hours by random sampling of branch tips of the colonies for pigment extraction. Within the first 14 hours, chlorophyll concentrations decreased at a rate of 3.5% per hour in these starving colonies, whereas phaeopigment concentrations did not change. Around 14 hours after the iniAble DoomOM01 momwu~W--M .ill,
